A B S T R A C T Interaction of washed pig, rabbit, or human platelets with fibrinogen was studied during its transition to fibrin using photometric, isotopic, and electron microscopic techniques. Untreated fibrinogen and fully polymerized fibrin had no detectable effect on platelets. Fibrinogen, incubated with low concentrations of reptilase or thrombin, formed intermediate products which readily became associated with platelets and caused their aggregation. Neutralization of the thrombin did not prevent this interaction. In the absence of fibrinogen, reptilase did not affect platelets.
INTRODUCTION
Although platelets and fibrin are regarded as the two essential components of the hemostatic plug, their interaction is not well understood. Platelets do not readily adhere to fully polymerized fibrin in which traces of thrombin have been neutralized (1) . Apitz (2) found that "profibrin," an intermediate product of the transition to fibrin, aggregated platelets in oxalated plateletrich plasma. Solum (3) observed aggregation of platelets in heated platelet-poor plasma in the presence of polymerizing fibrin monomers; during the reaction ADP was released from the platelets. We found recently that induction of partial polymerization of fibrin, by minute amounts of thrombin resulted in aggregation of platelets in platelet-rich plasma (4) .
All this points to the possibility that intermediate products of the fibrinogen-fibrin conversion possess an affinity to platelets which is appreciably higher than that of fully polymerized fibrin, but the difficulty in establishing this is that fibrin can be maintained in the monomeric state only by the use of cytotoxic concentrations of solvents such as urea or sodium bromide. Washed platelets in suspension can be exposed to solutions of polymerizing fibrin, in which fibrin monomers are continuously generated in small quantities and allowed to form intermediate polymers without becoming insoluble. We have studied the adherence of polymerizing fibrin to platelets and its effect on platelet aggregation and the release of platelet constituents.
METHODS
Fibrinogen. Human and bovine fibrinogens, prepared by the method of Blomback and Blomback (5) were obtained commercially. 1 The lyophilized powders, containing about 50% salt by weight, were reconstituted with distilled H20 to yield a 1% solution of protein and the pH was adjusted to 7.3-7.4 with 0.1 N NaOH. Pig fibrinogen was prepared by fractionation with ammonium sulphate (6) . The clottability of the various preparations, as estimated by an isotopic 'Kabi, Stockholm, Sweden.
The Journal of Clinical Investigation Volume 51 1972 technique (7) , ranged between 90 and 95%. If not further specified, "fibrinogen" will denote the human protein.
Clotting enzymes. Thrombin,' reptilase,' and ancrod' were dissolved and/or diluted to the desired concentration using 0.9% NaCl.
Polymerizing fibrin. 0.45 ml fibrinogen was incubated with 0.05 ml of 0.3% reptilase, or 0.05 ml thrombin solution containing 0.2-1.0 U/ml or 0.05 ml ancrod (0.1 U/ml) in a water bath at 370C. Incubation with thrombin was in siliconized tubes. Under these circumstances, the first visible fibrin strands appeared after 17-22 min of incubating fibrinogen with reptilase. A firm clot was formed within 30 min. The time of fibrin formation with thrombin was more variable, possibly because of the known instability of this enzyme in dilute solutions. Ancrod, at a final concentration of 0.01 U/ml, clotted 1 ml of a 1% solution of fibrinogen in about 10 min.
Sonicated clot. Fibrinogen was incubated with reptilase for 60 min and the synerezed fibrin was sonicated' in 10 ml Tyrode-albumin solution for 5 min.
Reagents. Hirudin,' heparin,7 and apyrase' were made up in 0.9% NaCl. EDTA-Na2 and EGTA-Naa8 were dissolved in 0.85% NaCl, PGE1' was first made up to a 1%o solution in 95% ethanol and then diluted using 02% Na2COs in 0.9% NaCl to a final concentration of 1 mg/ml (= 2.9 X 10' iM). Diisopropylfluorophosphate I (DFP)' was dissolved in isopropyl alcohol to give a 1 M solution, from which a 0.1 M solution was prepared with 0.12 M Na2COs. Further dilutions were done with distilled H20 and the pH was adjusted to 7.4.
Isolation of platelets. Washed pig, rabbit, and human platelets were prepared according to previously published methods (8, 9) . After two washings, they were resuspended in Tyrode-albumin solution containing apyrase (10 ,ug/ml) which has been shown to stabilize platelet suspensions (10) . The washing and suspending fluids used for the preparation of pig platelets were of a higher osmolarity than those used to prepare rabbit and human platelets, the difference amounting to an extra 50 mg KC1 and 90 mg NaCl/100 ml. Finally, platelet counts were adjusted to 10'/mme. Unlike human and pig platelets, rabbit platelets did not require the addition of fibrinogen to be sensitive to low concentrations of ADP.
Exposure of platelets to polymerizing fibrin. Unless otherwise stated, 0.4 ml of a solution of polymerizing fibrin was rapidly mixed with 1 ml platelet suspension (109 cells) in the cuvette of a Payton aggregometer 12 Measuring the release of radioactivity from platelets labeled with S-HT-'H. At the end of the experiment, platelets were immediately centrifuged for 1 min at 15,000 g in an Eppendorf centrifuge.' A sample of the supernate (0.1 ml) was added to a mixture of 10 ml liquid scintillation solution 1,15 2 ml 98% ethanol, and 0.25 ml NCS solubilizer.'8 The radioactivity in the supernate was expressed as a percentage of the total radioactivity in 0.1 ml platelet suspension.
Platelet factor 4 (PF4). Release of PF4 was assayed as described by Niewiarowski and Thomas (12) .
Adenine nucleotides (AN) release. (13, 14) The supernates from platelet suspensions were mixed with an equal volume of 6% perchloric acid and the optical density of the deproteinized media was estimated at 260 mju. Readings were converted into nucleotide concentrations by the use of a calibration curve for adenosine (dissolved in platelet-suspending medium and treated with perchloric acid) and results were expressed as percentages of the nucleotide content of the original platelet suspension. It is recognized that this is not a specific assay for adenine nucleotides, and therefore only gives an estimate of the material released.
Lactic dehydrogenase (LDH) assay. This was done using the method of Bergmeyer, Bernt, and Hess (15) . Released quantities were expressed as percentages of the total activity in sonicated platelet suspensions.
Studies with fibrinogen-"I. Fibrinogen was labeled with iodine monochloride (16) at levels of substitution not exceeding one atom of iodine per molecule of protein. Nonradioactive fibrinogen was mixed immediately before each set of experiments with 0.1-0.2%o of labeled protein (v/v). Samples were counted in an automatic gamma spectrometers For each assay with polymerizing fibrin two parallel samples were set up, i.e. one containing platelets and one containing platelet suspending fluid but no platelets. After a 3 min observation period in the aggregometer, both samples were centrifuged in an Eppendorf centrifuge as described above and the supernatant fluid removed. Sediments were dispersed in 0.5 ml H20 by sonication and the centrifuge tubes were rinsed with an equal volume of 1 N NaOH. Finally, sonicated pellets and washing fluids were pooled in counting vials. Radioactivity was expressed as a percentage of a duplicate standard. The latter consisted of nonincubated fibrinogen-I'I equaling in radioactivity the amount used for the assays.
Most samples were set up in duplicate and some in triplicate. Test and control samples were processed in an identical manner throughout. In the absence of polymerizing fibrin, the blank values were low: 1.47% (SD ±0.38) with 109 platelets, and 1.02%o (SD ±0.22) with no platelets.
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Electron microscopy. Preparations were fixed in osmium tetroxide and processed for microscopy either by shadow casting (17) or by thin sectioning (18) .
Statistical evaluation. Means (X), and standard deviations (SD, the square root of variance) were calculated by standard methods. Significance of a difference between two means was calculated by Student's t test, those among several means by Duncan's multiple range test (19) .
RESULTS
Effect of polymerizing fibrin on washed pig, human, or rabbit platelets. The addition of a fibrinogen solution preincubated with a low concentration of reptilase to washed pig platelets caused an increase in light transmission (Fig. 1) . Reptilase, or fibrinogen solutions or fibrin clots dispersed by sonication had no effect. The length of time the fibrinogen solution was incubated with the reptilase before it was added to the platelet suspension influenced the speed of the change in light transmission. Fibrinogen solution incubated with ancrod produced a similar effect to that found with the reptilase-fibrinogen mixture. A similar effect was also found with thrombin-fibrinogen mixtures (Fig. 2) . Since it was possible that the traces of thrombin present in this mixture could have caused platelet aggregation, DFP was added to the mixture. The inactivation of thrombin by DFP before addition of the incubation mixture to platelet suspension had no effect on the magnitude of change in light transmission (Fig.  2) . As can be seen from the experiment presented in Fig. 3 , polymerizing fibrin affected in a similar way suspensions of human, rabbit, and pig platelets. Solutions of human, bovine, and pig fibrinogen did not cause platelet aggregation. However, polymerizing fibrin prepared from fibrinogen isolated from each of these three species was equally effective with platelets from all three species.
Electron microscopic examination of the platelet suspension after the addition of the reptilase-fibrin mix- FIGURE 2 Effect of DFP on the aggregation of platelets by thrombin (left) and on the interaction of platelets with polymerizing fibrin (right). Left: 0.1 ml thrombin (1 U/ml) or 0.1 ml thrombin preincubated with 10-' Nf DFP for 5 min were added to 1 ml of pig platelet suspension (106/mm').
Right: 0.2 ml of the incubation mixtures, A, B, C, D, and E were added to 1 ml pig platelet suspension (106/mm'). and reptilase to a suspension of washed pig platelets labeled with serotonin-'H caused the loss of about 5% of the platelet radioactivity (Table II) . In these experiments, about 9% of the adenine nucleotides and 8% of the PF, were lost into the supernatant fluid. Thrombin, which caused about the same degree of change in light transmission as the polymerizing reptilase-fibrin, caused release of 42% of the platelet adenine nucleotides, 50% of the PF4, and 58% of the 'H-radioactivity into the supernatant fluid (Table II) .
To study whether the polymerizing fibrin caused loss of platelet cytoplasmic constituents, we examined the effect of polymerizing reptilase-fibrin on the loss of lactic dehydrogenase from washed rabbit platelets. The results shown in Table III demonstrate that about 4% of the platelet lactic dehydrogenase was lost into the supernatant fluid. In this experiment, about 5% of the radioactivity was also released. In contrast, thrombin, in a concentration which caused the same extent of change in light transmission, released 85% of the platelet radioactivity into the supernatant fluid and about 4% of the platelet lactic dehydrogenase. The effect of PGE1 on the loss of radioactivity into the supernatant fluid from serotonin-8H-labeled washed pig platelets was examined. The results shown in Table IV demonstrate that PGE1 did diminish the amount of radioactivity released. This Table also shows that fibrinogen or reptilase incubated with platelets did not cause any appreciable release of radioactivity.
The effect of polymerizing thrombin-fibrin on the release of radioactivity from washed pig platelets labeled with serotonin-8H was also examined. When platelets labeled with serotonin-iH interacted with polymerizing thrombin-fibrin they released radioactivity (Table V) . This was inhibited by the addition of hirudin, heparin, or DFP at the beginning, or after 8 min of fibrin polymerization. The changes in light transmission were affected significantly by thrombin inhibitors only if they were added to the fibrinogen solution at the same time as thrombin. fibrin that became associated with the platelets. When labeled polymerizing reptilase-fibrin was added to a suspension of washed pig platelets, more radioactivity was found in the sediment than in a control experiment performed with the platelet-free suspending medium (Table VI) . The amount of radioactivity found in the pellet as well as the extent of change in light transmission depended on the incubation time of the reptilasefibrinogen mixture before it was added to the platelet suspension. Despite the fact that the larger changes in light transmission were frequently accompanied by a greater accumulation of radioactivity in the pellet, the correlation between these two variables was poor (r = + 0.37 and + 0.49 using material from shorter and longer polymerizations, respectively). Similar results were obtained using a mixture of thrombin and 'Ilabeled fibrinogen. In these experiments, the thrombin was inhibited with hirudin (after 8 min 36 U hirudin was added to 1.0 ml polymerizing fibrin).
Since it is possible that the platelets sedimenting under centrifugal forces could trap small fibers of poly- (Fig. 6 ). In the presence of platelets, strands that were many times larger were formed. They were intimately associated with platelets; in many cases they could be seen extending over the surface of the platelets. Platelets were entrapped in a fibrin net (Fig. 7) . In some instances, fibrin strands appeared to be closely associated with platelet pseudopods (Fig. 8) . Formation of fibrin strands and their association with platelets occurred immediately after addition of polymerizing fibrin to the platelet suspension and before detectable changes in light transmission. Thin sections showed a close association between the fibrin and the aggregated platelets (Fig. 4) .
The effect of EDTA or EGTA on the interaction of washed platelets with polymerizing fibrin. When polymerizing reptilase-fibrin was added to a platelet suspension containing EDTA or EGTA in concentrations adequate to chelate calcium and magnesium, there was virtually no change in light transmission and no association of radioactivity with the platelet pellet ( Table  VII) . The addition of a polymerizing thrombin-fibrin solution, in which thrombin action was stopped beforehand with an excess of hirudin, to a suspension of washed pig platelets containing EDTA caused little increase in light transmission and in radioactivity associated with the platelets (Table VII) . The inhibitory effect of EDTA was reversible by an excess of calcium but not by magnesium. Electron microscopy showed that in these experiments with EDTA the fibrin strands were small and that there were no detectable fibrils associated with platelet membranes (Fig. 9) .
Other factors influencing association of polymerizing fibrin with platelets. Table VIII shows that apyrase and PGE1 diminished the changes of light transmission occurring during the interaction of platelets with polymerizing fibrin, while the amount of radioactivity from "I51-labeled fibrinogen recovered in the platelet sediment was increased. Electron microscopic studies also showed that PGE1 did not interfere with the formation of fibrin strands or their association with platelet membranes (Fig. lab) . DIS CUS SION The experiments reported in this paper show that suspensions of washed platelets prepared from human, pig, or rabbit blood adhere to polymerizing fibrin and that this may cause platelets to adhere to each other. This effect could be produced by fibrin polymerized by thrombin or reptilase. Since reptilase in contrast to thrombin does not induce the platelet-release reaction and platelet aggregation, it was possible to use the reptilase-treated fibrinogen for most of these studies and thereby exclude the effects of the thrombin-induced platelet-release reaction. Platelets interacting with the mixture of reptilase and fibrinogen lost very little of their granular and cytoplasmic constituents, and this loss did not appear to be the result of platelet-release reaction. Inhibitors of the platelet-release reaction or ADP-induced platelet aggregation did not prevent the interaction of platelets with the polymerizing fibrin, demonstrating that this reaction does not require the action of ADP or the platelet-release reaction.
Electron microscopic examination showed the platelets aggregated by the polymerizing fibrin to be adherent to each other with fibrin strands interspersed among the platelets; the fibrin appeared to be in close association with the platelet membranes. The platelets had altered their shape and there were some slight variations in electron density but the platelets did not appear to have lost their organelles. Electron microscopic observations of the shadow-cast preparations suggested that platelets promote the polymerization of fibrin since the fibrin strands were longer and larger than in the preparations without platelets. In addition, it appeared that the polymerizing fibrin tended to become associated with the platelet pseudopods. Fig. 6 . Platelets were exposed to this mixture for 30 sec. Note the large fibrin strands (which are absent in Fig. 6 ) connecting platelets at considerable distances. Magnification X 14,000.
In these experiments, small amounts of ADP were lost from the platelets when they were exposed to polymerizing fibrin. The addition of PGE1 to the platelet suspension diminished the extent of platelet aggregation. Apyrase also diminished the same. It seems reasonable to conclude that the extent of light transmission changes seen in the presence of these compounds was due to the platelet adherence to polymerizing fibrin.
In the experiments with fibrinogen-'I, the association of washed human, pig, or rabbit platelets with polymerizing fibrin was not blocked by any of the known inhibitors of platelet aggregation or the platelet-release reaction, such as apyrase or PGE1. However, the interaction of the washed platelets with polymerizing fibrin was dependent upon the presence of calcium. While there is some evidence that calcium is required for platelet adherence to surfaces such as glass, all the evidence seems to suggest that calcium is not required for platelet adhesion to collagen (20) . Recently it has been found that divalent cations are necessary for platelet adherence to fibrin-coated surfaces (21) . This may indicate that the mechanisms by which platelets adhere to polymerizing fibrin is different from that by which they adhere to collagen.
The nature of the material on the surface of the platelet which interacts with polymerizing fibrin is not known. Involvement of PF4, a factor enhancing fibrinmonomer polymerization (22) , is unlikely since this factor is located in platelet granules and its release during interaction with polymerizing fibrin is very limited. Fibrinogen is known to be associated with the surface of platelets (8) and it is believed to be involved TIcI GI Detail irom a preparation similar t: the one pictured in Fig. 7 FIGURE 9 Lack of interaction of rabbit platelet with polymerizing reptilase fibrin in the presence of 0.5 X 10' M EDTA. Fibrinogen was first incubated with reptilase for 15 min, then mixed with platelets for 3 min. Pseudopod formation, promotion of polymerization, and association of fibrils with the platelets are absent. Magnification X 37,400. The failure of platelets to adhere to fully polymerized fibrin suggests that there are sites available during the polymerization of fibrin which can interact with platelets and that these are lost after full polymerization.
Kopec et al. (27) and Larrieu, Rigollot, and Kubise (28) described platelet aggregation caused by soluble complexes of fibrin monomer with fibrinogen-degradation products. In addition, Kopec et al. (27) found that complexes of fibrin monomers with fibrinogen have a similar effect and that platelets cause precipitation of fibrin from the complexes. It is possible that some of the platelet aggregates seen in these studies may have been caused by fibrin polymerization induced by the platelet suspensions. Solum's observation, that bovine fibrinogen-aggregated washed suspensions of human platelets, (29) , might have a similar explanation. Mixing the platelet suspensions and fibrinogen solutions used in our studies did not cause platelet aggregation.
The interaction of platelets with polymerizing fibrin may be important in the establishment of stable hemostatic plugs and thrombi. The close association between platelets and fibrin, in hemostatic plugs and in thrombi formed in vivo or artificially in vitro have been reported by a number of investigators (30) (31) (32) (33) (34) (35) . We have the impression from the present study that the fibrin strands may have a predilection to be associated with the platelet pseudopods. This may be important in clot retraction and Sokal (36) has suggested that contraction of the platelet pseudopods is responsible for clot retraction. Microfilaments have been identified in pseudopods (37) and it is conceivable that this material represents platelet thrombosthenin.
It is generally assumed that the injury to the vessel wall leads to exposure of subendothelial structures such as collagen (20) or elastic microfibrils (38) with which the platelets interact. Ashford and Frieman (39) have shown that minimal damage to the vessel wall can lead to endothelial injury with fibrin formation. Their data may indicate that the fibrin formation occurred first and the platelets subsequently adhered to the fibrin. The results from the present study suggested that the platelets could adhere to the polymerizing fibrin on the vessel wall.
